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This dissertation introduces a novel, nestable piezoelectric actuator, called the s-
drive. In the s-drive actuator, the piezoelectric material is sandwiched between two 
conductors, and the electrodes are configured such that an application of a voltage causes 
an extension on two beams and compression on the other two beams to produce a large 
lateral deflection in the form of an ‘s’ shape. The s-drive gets its name from the 
characteristic ‘s’ shape that appears upon actuation. The designs of one-dimensional (1D) 
and two-dimensional (2D) arrays of axial-mode and shear-mode s-drives, for magnifying 
displacement and shear, are also presented in this work. Experimental results from the 
fabricated s-drive and its 1D nested arrays are presented for validation of the finite 
element analysis simulations and the developed analytical model of the s-drive and its 
nested arrays. 
Additionally, the design of a new type of channel flow piezo pen, designed as a 
variation of s-drive, that is able to produce large deflections, with multiple degrees of 
freedom, and might handle multiple inks with the capability of writing on any surface in 




The s-drive, unlike electrostatic actuators, can work in relatively unclean 
environments, require lower power than electrothermal actuators, require lower driving 
voltages than electroactive polymers, and are geometrically configured to magnify small 
piezoelectric strains into larger deflections. These microactuators are expected to have 
applications in scanning probe microscopy, microassembly, nanolithography, and micro- 




CHAPTER 1. INTRODUCTION 
 
1.1 Nestability 
 In this dissertation, nestability is defined as the ability of an actuator to be used as a 
basic building block of a connected array of such actuators, which operate in unison to 
magnify deflection or force. Figure 1.1 shows the two configurations for a nested array of 
building blocks. In Figure 1.1, each black or white square in the checkerboard pattern 
represents one building block.  
 
Figure 1.1: Two types of configurations for a nested array of building block. (a) 





Through nestability, it might be possible to bridge the gap between micro- and 
macro-scale sensors or actuators. These nested actuators or sensors might find 
applications in robotics, scanning probe microscopy, microassembly, nanolithography, 
variable diffraction gratings and bioengineering. 
 
1.2 Motivation 
Micro-electro-mechanical-systems (MEMS) capable of deflecting on the order of 
tens of microns and having nestability could find applications in robotics [1], optics [2], 
biomedical engineering [3], scanning probe microscopy, micro/nano-scale assembly and 
lithography [4]. The commonly used actuations mechanisms are: electrothermal [5-7], 
electrostatic [8], electroactive polymers [9], and piezoelectric [10]. 
 Electrothermal actuators are actuated by an applied voltage that causes a current 
flow, which consequently leads to Joule heating, and thermal expansion. These actuators 
have been able to produce displacements on the order of tens of micrometers [5,11], but 
at the cost of high power consumption (up to tens of milliwatts) [6].  
 Electrostatic comb drives are actuated by generating an electrostatic surface 
pressure on the tips of conducting comb fingers by an applied voltage difference between 
the pair of opposing arrays of interdigitated comb fingers. Electrostatic comb drives have 
very low power consumption. However, they generate forces which rarely exceed 10 µN 
[6] in surface micromachined devices, and are often lower than 1 µN [12]. Hence, the 
displacements in these electrostatic actuators rarely go over 100 µm in resonant operation 




achieved with a rather large actuator footprint, this is often not feasible due to space 
limitations [11]. Furthermore, since a single dust particle can immobilize an electrostatic 
actuator, a clean environment becomes quiet critical for reliable operation. Therefore, it is 
rather challenging for an electrostatic actuator to mechanically interact with environment 
outside the package.  
Electroactive polymers are actuated by generating an electrostatic surface 
pressure on the polymer film by an applied voltage across the polymer thickness. This 
causes the polymer to compress along the thickness and expand along the cross-sectional 
area. They can generate large strains, over 50% [13], but their major drawback is the 
requirement of extremely-high activation fields above 100 MV/m [14]. Since electric 
shielding at such high fields is difficult, they cannot be used in wet and humid 
environments [15]. Such high fields may be associated with reliability issues.   
 In converse piezoelectric mechanism, an application of voltage to a piezoelectric 
material generates a strain Actuators working on these principles have advantages such as 
high energy density (~MJ/m3), moderate driving fields, repeatability, and ability to work 
in any environment [16, 17]. However, the small electric field induced strains (0.1%-
0.2%) of piezoelectric materials have limited their applications [15]. For example, 
achieving a 10 µm displacement requires an actuator size of 1 cm. 
Since the piezoelectric materials have excellent properties, it is important to 





This dissertation presents a new type of nestable piezoelectric microactuator 
called the s-drive that is geometrically configured to magnify small piezoelectric strains 
into large deflections. The s-drive concept was introduced in [18]. In the s-drive actuator, 
the piezoelectric material is sandwiched between two conductors, and the electrodes are 
configured such that an application of voltage causes an extension on two beams and 
compression on the other two beams to produce a large lateral deflection in the form of 
an ‘s’ shape [18]. The s-drive gets its name from the characteristic ‘s’ shape that appears 
upon actuation  
 
1.3 State of Art 
In order to achieve large displacements with piezoelectric actuators, both internal 
and external amplification principles have been reported [19]. Internal systems include 
bimorph/multimorph piezoelectric actuator [20-30] and RAINBOW actuators [31]. 
Though these actuators have the ability to provide very high displacement (order of tens 
of microns), they have limited force. The most commonly used external amplification 
mechanisms are the hydraulic, mechanical amplifiers, and Moonie-type [32]. In the 
hydraulic mechanism the deformation of a piezoelectric disk causes the movement of a 
piston due to the volume change in fluid chamber [32-35]. The hydraulic actuators 
provide a peak amplification of 50:1, but they are relatively bulky [19] and due to fluid 
losses have a reduced response time [19]. For mechanical amplification, the input 
displacement is amplified by use of levers, bridges and various other transmission 
mechanisms [32, 36-42]. But, these are subject to wear from friction, which limits their 




piezoelectric stack placed between two crescent shaped metal caps [19], such that the 
metal plates convert the stack’s contraction into axial motion normal to the plate. This 
type of actuator exhibits a high force and high amplitude, but are complex to fabricate 
[19]. 
Figure 1.2 shows a comparison of reported piezoelectric actuators, based on the 
metric reported maxy L , where reportedy  is the reported actuator displacement and maxL  is the 
maximum feature size. It can be seen that, to the best of authors’ knowledge, the 
maximum reported maxy L  from literature is approximately 0.02. This number depends on 
the properties of materials such as strain limit, dielectric breakdown and piezoelectric 
coefficients being used. The figure also shows the reported maxy L  ratio for the s-drive and 
its 1D array nested in an axial-mode at an applied voltage of 30 V calculated from the 
analytical model. A 230 µm long s-drive, with PZT5A, upon application of 30 V deflects 
by 8.44 µm, which gives a ratio of 0.04. Nesting three s-drives in an axial-mode increases 
the deflection by a factor of three and hence the ratio for this is 0.12. It can be seen that 






Figure 1.2: Summary of reported maxy L  of piezoelectric actuators from literature along with 
corresponding values for s-drive and its nested arrays calculated using the analytical 
model from this work. 
 
1.4  Other ‘S’ Shaped Actuators 
Gilgunn et al. in [5] reported a lateral electrothermal actuator, which upon 
actuation formed an ‘s’ shape. Their lateral electrothermal actuator is a multimorph 
structure with dielectric and metal interconnects [5]. The actuation of this actuator was 
due to the different coefficient of thermal expansion of aluminum metal interconnect and 
the silicon dioxide dielectric. Sato et al. in [44] reported a gas valve that was 
electrostatically actuated with a film that was in a ‘s’ shape. In their actuator the ends of 
the s-shape film was attached to the top and bottom electrodes. The s-shaped film 


















1.5 Various Actuation Mechanisms 
Table 1.1 shows the comparison of s-drive and various actuators taken from 
literature. Here L, w, h are the dimensions of the rectangular cell of the actuator. The 
average power per cycle inP  in Table 1.1, for electrothermal actuator was computed from 
the operating voltages and currents, for the other actuators it was computed by dividing 
the energy for charging and discharging the actuator by the time period of cycle. 
 
Table 1.1: Comparison of s-drive with various existing actuators. 


























Material SiO2-Al Doped PolySi Doped Si 
Doped 

























V (V) 4 5.5 12 20 3500 10 80 
reportedy  
(μm) 
2.5 14 10 40 1600 7 8.44 
Pin 
(mW) 2  35 79 0.37 22.3 1.89 0.35 
Metric 6×10-3 0.07 0.02 0.04 6×10-3 0.02 0.04 
 
Figure 1.3, shows the comparison of s-drive with other reported actuation 
mechanisms based on the same metric reported maxy L . Again, we note that this metric 
would depend on the material properties, driving voltage, actuator footprint, and specific 
requirements such as number of comb fingers for an electrostatic comb drive. It can be 
seen that the deflection ratio of piezoelectric s-drive is about half the value associated 
with an electrothermal u-shaped actuator, but the power consumed by the electrothermal 
u-shaped actuator is two orders of magnitude higher than that consumed by the s-drive. 




electrostatic comb drive has a larger actuator foot print. For the s-drive reported maxy L  can 
be increased by more than one order of magnitude through its capability of forming 
nested arrays. 
 
Figure 1.3: Comparison of reported maxy L  of s-drive and its nested axial-mode array with 
various actuation mechanisms from literature. 
 
1.6 Previous Efforts of Nestability 
V-shaped electrothermal actuator can be nested to magnify displacement or force. 
In [45], an array of paired v-shaped actuators was used to work as a variable diffraction 
grating. Each v-shape pair forms a rhombus as the nestable building-block. The array of 
ten u-shaped electrothermal actuators, for proportional magnification of force is 
presented in [46] and the possibility of building u-shaped electrothermal actuator into 
rotary or stepper motor, for displacement magnification is also presented [46]. However, 
these configurations have a large power consumption. 
It is possible to stack electroactive polymers to magnify the strain. The stacking of 










provided 50% compressive strain at 4.5 kV. The drawback of this configuration is the 
requirement of high driving fields. 
The strain amplification of piezoelectric actuator with parallel guiding linkage 
amplifying structure is shown in [15]. The possibility of nesting three piezoelectric 
actuators with the mechanical amplification mechanism is also presented in [15]. But, the 
maximum reported displacement for this structure is 1.2 µm at 10 V. 
 
1.7 Organization of Dissertation 
The remainder of the dissertation is organized as follows: Chapter 2 describes the 
piezoelectric mechanism, and presents a few piezoelectric materials, with their structures, 
modes of failure and applications. The structural design, of a new type of nestable 
piezoelectric actuator called the s-drive [18], is presented in Chapter 3 and its nestability 
is presented in Chapter 4. Chapter 5 presents the validation of the s-drive concept, and 
includes experimental results from a fabricated s-drive and its nested arrays. Chapter 6 
presents the possible application of the s-drive through the design of a new type of dip 
pen nanolithography called the channel flow piezo pen that is able to produce large 
deflections, with multiple degrees of freedom, with the capability of writing on many 
surfaces. Chapter 7 summarizes the contributions from this work with the 





CHAPTER 2. THEORY OF PIEZOELECTRICITY 
In the piezoelectric effect energy is transferred between electric and mechanical 
domain and vice versa. In the direct piezoelectric effect, the piezoelectric materials 
generate electric potential upon application of strain. In the converse piezoelectric 
effect, the piezoelectric materials generate a strain upon application of electric field. 
This chapter gives a brief description of the piezoelectric mechanism, and introduces 
few piezoelectric materials, with their structures, modes of failure and applications.  
 
2.1 Piezoelectric Mechanism 
In this section, a brief description of the basic piezoelectric mechanism is 
given. The word ‘piezo’ in Greek means pressure, therefore the meaning of the word 
piezoelectricity is ‘pressure electricity’ [48]. Piezoelectricity is the interaction 
between mechanical and electrical systems in asymmetric crystals. Application of 
mechanical stress on certain materials induces an electric charge as shown in Figure 
2.1, and this phenomenon known as the direct piezoelectric effect is generally 
employed in sensor applications. Actuator applications use the converse piezoelectric 
effect shown in Figure 2.2, where a piezoelectric material becomes strained upon 






Figure 2.1: Simulated direct piezoelectric phenomenon. The left end of the beam 
corresponds to an anchor. The geometric properties are L = 25μm,  w = h =  2  μm. The 
application of a stress to either elongate or compress the beam by 0.1 µm induces a 
potential of V = ±7 V.  
 
 
Figure 2.2: Simulated converse piezoelectric phenomenon. The left end of the beam 
corresponds to an anchor. The geometric properties are L = 25μm,  w = h =  2  μm  and  





2.2 Piezoelectric Materials 
Piezoelectric materials are materials that are able to generate a voltage due to 
an applied strain, and generate a strain due to an applied voltage. Some of the 
piezoelectric materials are piezoelectric ceramics such as lead zirconate titanate 
crystals (PZT) and piezoelectric polymers, such as polyvinylidene fluoride (PVDF). 
Typically, piezoelectric materials comprise of various ions that are chemically 
bonded to each other such that the arrangement of ions leads to a resultant positive 
charge and negative charge on either sides, forming a dipole along the direction called 
the poling axis. When an external voltage applied across the poling axis sets up the 
electric field in the direction opposite to the material’s dipole moment as shown in 
Figure 2.3(a), the electrical forces act towards the center of the dipole, which cause 
the material to contract along the poling axis. In order to maintain the equilibrium 
bond distances, the ionic forces within the material lead to an expansion in the axes 
perpendicular to the poling axis. Whereas, if the external voltage applied across the 
poling axis sets up an electric field in the direction of material’s dipole moment as 
shown in Figure 2.3(b), the electrical forces act away from the center of the dipole 
that cause the expansion of the piezoelectric material in the poling axis direction and 





Figure 2.3: Basic converse piezoelectric phenomenon. (a) An application of electric 
field in the direction opposite to the dipole moment causes the material to contract 
along the poling axis and expand along the axes perpendicular to the poling axis. (b) 
The piezoelectric material expands in the poling axis direction and contracts along the 
axes perpendicular to the poling axis, when an electric field is applied in the direction 
of dipole moment. 
 
2.2.1 Piezoelectric Ceramics (PZT) 
A traditional piezoelectric ceramic PZT [50, 51] is a mass of perovskite 
ceramic crystal, with a chemical formula Pb(ZrxTi1-x) where depending on the 
fabrication process x lies between 0 and 1. PZT has a tetragonal structure where lead 
cations occupy the corners of the cuboid, oxygen anions form an octahedron within 
the cuboid and a titanium or zirconium ion is at an offset from the center of the 
oxygen octahedron as shown in Figure 2.4(a). In this arrangement of ions, the 
centroid of positive charges does not coincide with the centroid of negative charges, 































vertically applied electric field causes ZrxTi1-x to vertically displace, which affects 
bond angles and or lengths. The changes in bond angles cause the structure of the 
molecule to vertically compress and horizontally expand, illustrated by solid spheres 
in Figure 2.4(b). By reversing the polarity of the electric field, the molecular structure 
vertically elongates and horizontally compresses. By removing the field, the structure 
returns to its original state, illustrated by dashed circles in Figure 2.4(b). 
 
Figure 2.4: Bond diagram of a piezoelectric crystal PZT. The lower-left atom is the 
reference point of each diagram. The dashed circles represent the initial positions, and 
the solid spheres are possible deformed positions upon application of a vertical 
electric field (image based on concept presented in [51]). 
 
2.2.2 Polyvinylidene Fluoride (PVDF)  
Polyvinylidene fluoride (PVDF) [52-54] has the chemical formula (CH2-CF2)n 
as shown in Figure 2.5(a). This material is manufactured in the form of thin sheets 
that are stretched along the direction of maximum carbon atoms and poled along the 




Initial position of the ions 






moment is directed from net negative charge due to fluorine atoms to net positive 
charge due to hydrogen atoms. For the molecular structures shown in Figure 2.5(a), a 
vertically-applied electric field causes H/F to vertically displace, which affects bond 
angles and or lengths. The changes in bond angles cause the structure of the molecule 
to vertically compress and horizontally expand, illustrated by solid spheres in Figure 
2.5(b). By reversing the polarity of the electric field, the molecular structure vertically 
elongates and horizontally compresses. By removing the field, the structure returns to 
its original state, illustrated by dashed circles in Figure 2.5 (b). 
 
Figure 2.5: Bond diagram of polyvinylidene fluoride (PVDF). The lower-left atom is 
the reference point of each diagram. The dashed circles represent the initial positions, 
and the solid spheres are possible deformed positions upon application of a vertical 
electric field (image based on concept presented in [54]). 
 
2.3 Limits of Operation 
While designing piezoelectric actuators, the important limits that need to be 
considered are the piezoelectric materials strain limit, dielectric breakdown and Curie 
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Table 2.1: Limits of operation. 
 PZT PVDF 
Strain limit 0.1%-0.2% 4% 
Dielectric breakdown [V/µm] 40 80 
Curie temperature [°C] 350 103 
31 Piezoelectric strain coefficient d31 [m/V] -274×10-12 -21×10-12 
  
The strain limit of piezoelectric material ranges from 0.1%-0.2% [15] for 
many crystals to 4% [56] for piezo polymers. Such limits should be considered when 
designing the piezoelectric actuators.  
The other limits to be considered are the dielectric breakdown limit and Curie 
temperature. Piezoelectric materials when operated above these limits, lose their 
asymmetric structures and hence the piezoelectric effect. The actuators made from 
PZT should be driven with electric fields below 40 V/μm   and   must   operate   at  
temperatures below 350 °C [58]. The actuators made from PVDF should be driven 
with electric fields below 80 V/μm  and  should  not  reach  temperatures  above  103 °C 
[59]. 
The piezoelectric strain coefficient of PZT is an order of magnitude higher 
than that of PVDF. Hence, for the same applied voltage PZT gives displacements an 
order of magnitude higher than that of PVDF. 
The strain limit and dielectric breakdown of PVDF (4%, 80 V/µm) is higher 
than that of PZT (0.1-0.2%, 40 V/µm). But, its piezoelectric strain coefficient is an 
order of magnitude lower than that of piezo crystal and, hence, for the same applied 
voltage the displacement achieved by piezo polymer PVDF is an order of magnitude 
lower than that of the piezo crystal. The Curie temperature of PZT is three times the 




laser machining that involve generation of high temperature. The material should be 
chosen based on the applications and selected fabrication method. 
 
2.4 Applications of Piezoelectric Materials 
Some common piezoelectric applications include positioners, energy 
harvesters, vibrators, motors, and valves. For example, large bulk 3D positioning 
platforms for atomic force microscope [4] use in-plane scanners for the xy plane 
movement and cantilever’s position in z-axis is controlled by the stacked piezoelectric 
actuator. In energy harvesting [60], the mechanical energy is converted to electrical 
energy with piezoelectric material. The vibrating alarm feature of some of the mobile 
phone devices [61] uses a piezoelectric vibration actuator that convert’s electrical 
energy into mechanical vibration. Some cameras of mobile phone devices [62], where 
high resolution images are obtained. The precise lens movements in either the 
forward or backward direction are produced by a piezoelectric actuator, based on the 
signal given by the position-sensory circuit. In a fuel injection system [63], a 
piezoelectric micro mass flow controller is used for feeding the liquid fuel which 




CHAPTER 3. S-DRIVE A NESTABLE PIEZOELECTRIC ACTUATOR  
Large deflection actuators capable of forming nested actuators may find applications in 
robotics, scanning probe microscopy, lithography, micro-scale assembly and nano-scale 
assembly [18]. Due to the small strain limits of piezoelectric materials most of the 
existing piezoelectric actuators have relatively small deflections. This chapter presents a 
new type of piezoelectric actuator called the s-drive [18] that is nestable and is 
geometrically configured to magnify the small piezoelectric strains into large deflections. 
The s-drive gets its name from the characteristic ‘s’ shape that appears upon actuation. 
The s-drive has the ability to actuate and sense, can physically interact with the 
environment, can work with a single voltage source, can have a single anchor point, 
requires low power, can be fabricated from ceramic or polymer, can be flexible and can 
help in bridging the gap between micro and macro scale actuators through nestability. 
Compared to the arrays of some of the most commonly used actuation mechanisms, the 
array of s-drives can work in either axial mode or shear mode, and can expand or 
compress. This chapter covers the s-drive concept with simulation results and analytical 





3.1 S-Drive Concept 
In this actuator, the piezoelectric material is sandwiched between two conductors, 
and the electrodes are configured such that an application of voltage cause an extension 
on two beams and compression on the other two beams to produce a large lateral 
deflection in the form of an ‘s’ shape [18], as shown in Figure 3.2. The s-drive gets its 
name from this characteristic ‘s’ shape that appears upon actuation.  
 
Figure 3.1: In this 3D representation of the s-drive, the green colored region represents 
the piezoelectric material, blue colored region denotes the electrodes and ‘×’ is the anchor 
point. In this design electrodes are configured such that an application of a voltage causes 
compression of two beams and extension of the other two beams [18]. This produces the 
so called s-drive as shown in Figure 3.2. 
 
3.2 Finite Element Analysis Modeling of S-drive 
The 3D piezo module of COMSOL Multiphysics was used for the finite element 
analysis (FEA) simulations. The left boundary denoted by ‘×’ is fixed, and depending on 
the voltage polarity, the top and bottom boundaries are either at ground or have an 
electric potential. The simulated s-drive is presented in Figure 3.2.  
 
z





Figure 3.2: Simulation of s-drive using FEA solver COMSOL. The ‘×’ corresponds to an 
anchor. The geometric properties are L = 300μm,  w = h = 2 μm and V = 40 V. The 
bidirectional deflection of 42 µm depending on voltage polarity is shown above. 
 
3.3 Analytical Modeling of S-drive 
This section presents the analytical model for calculating the lateral displacement 
and stiffness of s-drive without a gap as shown in Figure 3.2. Gilgunn in [5] presented an 
analytical model for CMOS thermal multimorph. Since the s-drive has multilayers, as 
shown in Figure 3.3, a similar formulation can used for deriving the analytical stiffness 
and displacement. 
3.3.1 Assumptions 
S-drive as shown in Figure 3.3 has a piezoelectric material between thin metal 








Figure 3.3: Schematic cross section of s-drive. Here piezoelectric material is sandwiched 




Figure 3.4: A beam under pure bending. ρ is the radius of curvature, ds is the increment 
of beam length and dθ is the incremental subtended angle. 
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3.3.2 Lateral Displacement and Stiffness 








 , (3.3) 
where Mz is the z-axis bending moment due to the axial stress, the flexural rigidity is
( ) zEI , with E being the Young’s modulus in the axial direction and I the second moment 
of area. Integration of (3.3) gives the lateral displacement of the s-drive as 







 .    (3.4) 





.  (3.5) 
The following sections provide the derivation of moment about z-axis and flexural 
rigidity.   
Neutral axis: The neutral axis locates the radius of curvature of the actuator. If the 
bending moment is calculated about the neutral axis, the contribution of axial 
deformation can be neglected. In Figure 3.5(a) its placement is shown as yna, zna.  
Table 3.1: Coordinates of the elements in Figure 3.5 (a). 
Element# yn zn ∆ ny  ∆ nz  nE  
1 0 hm w h pE  
2 w hm w h pE  
3 w 0 w hm mE  
4 0 0 w hm mE  






Figure 3.5: (a) shows the location of neutral axis, s-drives origin and centroid of s-drive, 
(b) shows the cross-section of s-drive considered and (c) shows the coordinates of 
elements 1 and 4. 
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where ( ),n ny z  are the nth element coordinates from the s-drives origin ( ),y z , and ∆ ny , 




modulus in the axial direction. A similar equation can be written for zna. Substituting the 
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.  (3.8) 
Flexural rigidity: The flexural rigidity for multilayer structure about the z-axis can be 
calculated from 
 ( ) 2
+∆ − +∆ −
− −
= ∑ ∫ ∫
n n na n n na
n na n na
z z z y y y
n
z
elements z z y y
EI E y dydz ,  (3.9) 
Substituting the coordinates from Table 4.1 in (3.9) gives 
 ( ) ( ) ( )2 2 2 28 6 12 9 9 153 3= + − + + −
mp
m
n n n nz
E whE whEI w y wy w y wy . (3.10) 
Bending Moment: For a multilayer structure the z-axis bending moment due to axial 
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z
elements elementsz z y y
T z y y y y
M T ydydz , (3.11) 
where, 1
nT  is the stress profile within an element. The stress in the piezoelectric element 
for compression is 1 1 31= −n p n p
VT E S d E
h
 [65] and for extension is 1 1 31= +n p n p
VT E S d E
h
 
[65], and stress in metal layers is 1 1= −n m nT E S  for compression and 1 1= +n m nT E S  for 
extension. pE is the piezoelectric material’s Young’s modulus in the axial direction, 1
nS  




m/V, voltage applied across the piezoelectric material thickness is V, h is the 
piezoelectric material’s thickness, and mE is the Young’s modulus of the metal layer. 
1 0=nS as the bending moment is calculated with the neutral axis as the reference. By 
substituting the coordinates from Table 3.1, and the stress terms in (3.11) we get 










Substituting (3.10) and (3.12) in (3.4) gives 
 ( ) ( )( ) ( ){ }
2
31
2 2 2 2
3 2
8 8 6 12 9 9 15
−=




na na m na na
whd E V w y L
y L
h E wh w y wy E wh w y wy
. (3.13) 
Substituting (4.10) in (4.5) gives 
 ( ) ( ){ }2 2 2 2
3
8 6 12 9 9 15+ − + + −
=
p m
na na m na naw E h w y wy E h w y wyk
L
. (3.14) 
Substituting L = 300 μm,  h = w= 2 μm,  hm = 10 nm, pE  = 127 GPa, mE  = 200 
GPa, and 1231 274 10d
−= − × m/V, in (4.14) gives k = 0.15 N/m. FEA simulation gives kFEA 
= 0.154N/m. The relative error between analytical stiffness and FEA stiffness is 2%.  
From Figure 3.6 it can be seen that the analytical model predicts displacements 
close to the displacements of finite element analysis model within an average relative 
error of 6.3% (0-80V). The method of discretization is different in FEA model and 
analytical model. In analytical model the cross-section is divided into five elements, 





Figure 3.6: Analytical model versus FEA model. For a s-drive of L = 300 μm,  h = w = 2 
μm,  hm = 10 nm, pE  =127 GPa, mE  = 200 GPa, and 1231 274 10d
−= − × m/V the average 
relative error between analytical model and finite element analysis model is 5.5%. 
 
From Figure 3.7 it can be seen that the s-drives lateral displacement can be 
increased by increasing the s-drives length, or decreasing the width or decreasing the 
thickness. But, while changing these dimensions, the fabrication method and material 





Figure 3.7: Analytical model results. The effect of various dimensions on the s-drives 
displacement is shown above. The lateral displacement increases with increase in length 
and decreases with increase in width or thickness. 
 
3.4 Effect of Scaling 
The s-drive shown in Figure 3.2 was scaled in 3D from 0.1 to 100. For the smallest 
scaling factor (SF) of 0.1, the voltage below dielectric breakdown is 8 V. Hence, for this 
analysis a constant voltage of 8 V was applied for all the SFs. From Figure 3.8 it can be 
seen that the ratio of lateral displacement to length of s-drive decreases as the scaling 







Figure 3.8: Effect of scaling of s-drive. 
 
3.5 Other Possible Designs of S-drive  
The three other possible designs of s-drive are shown in Figure 3.9, Figure 3.9(a) 
shows the circuit of the s-drive, the simulated s-drive with intermediate connectors is 
shown in Figure 3.9(b), these connectors help in achieving higher displacement, the 
simulated s-drive similar to Figure 3.9(b) without the two couplings is shown in Figure 
3.9(c) and the simulated s-drive with voltage applied only across the dark brown 











Figure 3.9: In this circuit the blue colored region represents the piezoelectric material, 
brown colored regions represent the electrodes and ‘×’ is the anchor point. (b) shows the 
simulated s-drive with intermediate connectors, these connectors help in achieving higher 
displacement (c) shows the simulated s-drive without intermediate connectors and (d) 





















CHAPTER 4. NESTABILITY 
Previous chapter presented a new type of fixed guided piezoelectric microactuator s-drive 
[18]. This chapter presents the nestability of s-drive to achieve magnified in-plane 
deflections, both shear and translation, for the same applied voltage. In this work 
nestability is defined as the ability of an actuator to form the basic building block of a 
connected array of such actuators, which actuate in unison to magnify deflection. The 
following sections present the design, and simulation of 1D and 2D arrays of s-drive. 
 
4.1 1D Array 
Forming an array of an actuator helps in magnification of displacement or force 
and hence bridging the gap between micro and macro scale. A 1D or 2D array of s-drive 
has the ability to magnify the displacement and force and hence the s-drive is highly 
nestable. This section presents the simulation and analytical model for a 1D array of s-
drive that work in either axial-mode or shear-mode. 
Figure 4.1 shows the schematic of a 1D array of s-drives that can, work in axial-
mode [18], as shown in Figure 4.1(a), or shear-mode, as shown in Figure 4.1(b). In 
Figure 4.1 the bottom electrode (not shown in the figure) is at V = 0, the top yellow 




If the rightmost end of the array is anchored as shown in Figure 4.1(a), the array will 
achieve magnified transverse deflection for the same applied voltage. If the bottom end of 
the array is anchored as shown in Figure 4.1(b), the array will shear upon application of 
voltage. 
 
Figure 4.1: Top view schematic of 1D array of s-drive. Here four s-drives are 
nested horizontally and if right most end is anchored as shown in (a) application of 
voltage causes a transverse deflection, and if bottom end is anchored as shown in (b) 
application of voltage causes a shear. The ‘×’ indicates an anchor point, upon application 




Figure 4.2 shows the finite element analysis simulation of a 1D array of 10 s-
drives in an axial-mode [18] using COMSOL 4.3a. In this mode of operation, the 









Figure 4.2: Finite element analysis simulation of a 1D array of s-drives in an axial mode. 
(a) shows the 3D view of nesting 10 s-drives horizontally (b) shows the top view of the 
placement of 10 s-drives, the bottom right is fixed and on application of 20 V it deflects 






















The displacement of an array can be increased by either increasing the voltage or 
by increasing the number of s-drives [18]. Figure 4.2(c) and (d) show the first way of 




Figure 4.3: Finite element analysis simulation of a 1D array of s-drive operating in shear-
mode. (a) shows the 3D view of the nesting 20 s-drives horizontally. The bottom of the 
actuator is an anchor and upon application of 40 V (b) 2 s-drives have a value of stiffness 
as 2.02 N/m deflect by 51 µm, (c) 10 s-drives have a value of stiffness as 10.1 N/m 
deflect by 51 µm, and (d) 20 s-drives have a value of stiffness as 20.2 N/m deflect by    
51 µm.  
Figure 4.3 shows the 1D array of s-drives operating in shear-mode. In this 1D 
array configuration same amount of displacement independent of number of s-drives can 
be achieved. 
51µm 51µm 51µm 
(a) 
(b) (c) (d) 
V=40V 









4.2 2D Array 
It is also possible to nest the s-drive in both x and y directions, to form a 2D array, 
which works in unison, similar to muscle cells in animals. This section presents the 




Figure 4.4: Finite element analysis simulation of a 2D array of s-drive operating in axial-
mode. It is possible to nest s-drive to form a 2D array, in this array the rightmost end is 
anchored. Here there are 20 s-drives in y direction and 4 s-drives in x direction. Upon 
application of 40 V it deflects by 1020 µm which is twenty times the deflection of a s-
drive. Hence in axial-mode the increase in deflection is proportional to the number s-
drives in y direction.  
 
Figure 4.4 shows the simulated 2D array in axial-mode. This array has 20 s-drives 








µm which is twenty times the deflection of one s-drive. Hence in the axial-mode the 




Figure 4.5: Finite element analysis simulation of a 2D array of s-drive operating in shear-
mode. It is possible to nest s-drives to form a 2D array, in this array the bottom end is 
anchored. Here there are 40 s-drives in y direction and 2 s-drives in x direction. Upon 
application of 40 V it shears by 102 µm which is two times the shear of 1D array. Hence 
the increase in shear is proportional to the number s-drives in x direction.  
Figure 4.5 shows the simulated 2D array in shear-mode. This array has 40 s-
drives in y direction and 2 s-drives in x direction. Upon application of 40 V it deflects by 
102 µm which is two times the deflection of one s-drive. Hence in shear-mode the 










CHAPTER 5. EXPERIMENTAL VALIDATION OF DEVELOPED ANALYTICAL 
MODEL AND FEA SIMULATIONS 
The s-drive [18], a new type of nestable piezoelectric micro actuator, was presented in 
previous chapters. This chapter presents the validation of the s-drive concept, with the 
experimental results from the fabricated s-drive and its nested arrays.  
  
5.1 Fabricated S-Drive Design 
 
Figure 5.1: Schematic of s-drive and nested s-drive in shear-mode and axial-mode. The 
blue regions represent the piezoelectric material and the brown regions in the top 
represent the electrodes with a voltage V=V0 and the brown regions in the bottom 
represent the electrodes at V = 0. (a) shows the circuit of s-drive, (b) is the circuit of 
nested s-drive in shear-mode and (c) is the circuit of nested s-drive in axial-mode. The ‘×’ 
indicates the anchor point. All the dimensions are in mm and the thickness of the 




Table 5.1: Material properties of PZT5A [55]. 
Piezoelectric 
33 Piezoelectric strain coefficient ( 33d ) 12390 10−×  m/V 
31 Piezoelectric strain coefficient ( 31d ) 12190 10−− ×  m/V 
Piezoelectric thickness (h) 0.127 mm 
Resistivity (ρPZT) 1.8×102 Ωm 
Relative permittivity (𝜀ଷଷ் ) 800 
Dielectric breakdown  40 V/µm 
Thermal 
Curie temperature  350 °C 
Mechanical 
Density 7800 kg/m3 
Elastic modulus ( 1 pY ) 106.6 10×  N/m2 
 
Figure 5.1 shows the schematic of the s-drive and its nested arrays in shear-mode 
and axial-mode. Table 5.1 provides the material properties of PZT5A.  
 
5.2 Simulation 
The 3D piezo module of COMSOL Multiphysics 4.3a was used for the finite element 
analysis (FEA) simulations. The leftmost end of the s-drive was fixed, the bottom 
electrode was at ground and a voltage V=V0 was applied on the top electrode as shown in 
Figure 5.1. The material properties of simulation are given in Table 5.1, and geometric 
properties are given in Figure 5.1. Upon application of 50 V, the s-drive deflects by 17.6 
µm as shown in Figure 5.2(a), three s-drives, nested in shear-mode displace by 17.6 µm 
as shown in Figure 5.2(b), and three s-drives, nested in axial-mode, magnify the 





Figure 5.2: Top view of simulated s-drive and the 1D array of s-drive. The ‘×’ indicates 
the anchor point and upon application of 50 V. (a) The s-drive deflects by 17.6 µm. (b) 
An array of three s-drives in shear mode shear by 17.6 µm. (c) Three s-drives nested in 
axial-mode magnify the defection by a factor of three. The material parameters of 
simulation are given in Table 5.1, and geometric properties are given in Figure 5.1. 
 
5.3 Analytical Model 
This section presents the analytical model for calculating the lateral displacement 
of the s-drive, in a configuration similar to the one fabricated. In this analysis the s-drive 
is divided into rectangular elements that are indicated by numbers 1 to 6 in Figure 5.3. 
× 











Figure 5.3: Schematic cross section of s-drive. Here piezoelectric material is sandwiched 
between two metal layers. The gap between the sandwiches is air. yna, zna correspond to 
the location of neutral axis from the s-drives origin. The coordinates of the nth element 
with reference to the s-drives origin are yn , zn. 
 










where Mz is the z-axis bending moment due to the axial stress, the flexural rigidity is
( ) zEI , with E being the Young’s modulus in the axial direction and I the second moment 
of area. Integration of (5.1) gives the lateral displacement of the s-drive as  









Derivation of moment about z-axis and flexural rigidity is given below.   
Neutral axis: The neutral axis locates the radius of curvature of the actuator. If the 
bending moment is calculated about the neutral axis, the contribution of axial 
deformation can be neglected. In Figure 5.3, the neutral axis placement is shown by yna, 
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where ( ),n ny z  are the nth element coordinates from the s-drives origin ( ),y z , and ∆ ny , 
∆ nz are the element width and thickness respectively, and nE is the nth element’s Young’s 
modulus in the axial direction. A similar equation can be written for zna. The schematic 
shown in Figure 5.3 gives  
2
= +na
gapy w . (5.5) 
Flexural rigidity: The flexural rigidity for multilayer structure about the z-axis can be 
calculated from 
( ) 2
+∆ − +∆ −
− −
= ∑ ∫ ∫
n n na n n na
n na n na
z z z y y y
n
z
elements z z y y
EI E y dydz , 
(5.6) 
which gives 
( ) ( ) 21 1 1 22 3 2
⎧ ⎫⎛ ⎞= + + +⎨ ⎬⎜ ⎟⎝ ⎠⎩ ⎭
p m
mz
w gapE I E h E h w gap w . 
(5.7) 
Bending Moment: For a multilayer structure the z-axis bending moment due to axial 





+∆ − +∆ −
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n n na n n na
n na n na
z z z y y y
n
z
elements z z y y
M T ydydz . 
(5.8) 
where, 1
nT  is the stress profile within an element. The stress in the piezoelectric element 
for compression is 1 1 31= −n p n p
VT E S d E
h
 [65] and for extension is 1 1 31= +n p n p
VT E S d E
h
 
[65], and stress in metal layers is 1 1= −n m nT E S  for compression and 1 1= +n m nT E S  for 
extension. pE is the piezoelectric material’s Young’s modulus in the axial direction, 1
nS  
is the axial strain in the element, d31 is the peizoelectric coefficient for length change in 
m/V, voltage applied across the piezoelectric material thickness is V, h is the 
piezoelectric material’s thickness, and mE is the Young’s modulus of the metal layer. 
1 0=nS as the bending moment is calculated with the neutral axis as the reference. 






wd E V gap w
M . 
(5.9) 
Substituting (5.7) and (5.9) in (5.2) gives 
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. 
(5.10) 
For a 1D array of ‘N’ number of s-drives, the displacement of the axial-mode array is 
given by N times y(L). Where y(L) is the displacement of 1 s-drive which is given by 






Figure 5.4: Effect of applied voltage, various dimensions and nestability on s-drive’s 
displacement (a) shows the change in displacement with applied voltage, (b) shows the 
change in displacement with thickness, gap, and width, (c) shows change of 30 maxy L
with maxL and (d) shows change of 30 maxy L for the nested s-drive arrays. 
 
Figure 5.4 shows the change in displacement of the s-drive with applied voltage, 
dimensions and nestability. Figure 5.4(a) shows that the displacements predicted by 
analytical model compare well with the FEA model, with an average relative error of 
6.5%. The difference in the method of discretization of the domain in FEA solver and in 
analytical model is the reason for this error.  Figure 5.4(b) shows the decrease in s-drives 
lateral displacement due to an increase in thickness, width, or gap, independently and 






the dependence of lateral displacement on t-1, w-1, h-1 and L2 which can be seen in (6.10). 
From Figure 5.4(d), it can be seen that the 30 maxy L  increases for axial-mode array with 
increase in the number of s-drives in the array and for shear-mode array it remains 
constant. The axial-mode array increases the lateral displacement proportional to the 
number of s-drives in the nested array and shear-mode array gives the same shear which 
is independent of the number of s-drives in the 1D nested array. Also, the s-drives could 
be nested to form a M×N 2D array to magnify the shear proportional to M. 
 
5.4 Fabrication 
During the past few decades, the ultrafast lasers have shown wide applications in 
high-precision micromachining [66]. Due to the ultra-short laser pulse and extremely 
high peak power, nonlinear absorption takes place in the working material and produce a 
highly-confined heating spot, inducing highly-localized ablation to remove the material, 
therefore it yields superior accuracy and cleanness after machining [66, 67]. The ultrafast 
laser machining is capable of cutting various types of materials including metals, glass, 
polymer, ceramics [66-69]. Also, it is well suited for micromachining of piezoelectric 
materials [70-72].  
The piezoelectric material used for fabrication of the actuator is a poled PZT5A 
(T105-A4E-602) from Piezo Systems, Inc. [55]. The material has a 0.127mm thick 
PZT5A, with 50nm nickel electrodes. Table 6.1 provides the piezoelectric and material 
properties. 
The s-drive and nested s-drives were fabricated from PZT5A using a focused 




continuous laser has an ultrashort pulse-width and ability for providing highly confined  
heating [67], which is ideal for the piezoelectric material. The system used ~50 fs pulse 
with 80 nm spectral bandwidth (full width at half maximum) centered at 800 nm 
wavelength, produced by a Micra-5 Ti:Sapphire laser with Legend Elite amplifier 
(Coherent, USA) at a repetition rate of 5 kHz. The laser was focused by a 10x objective 
to ensure a large depth of field necessary for machining the thick piezoelectric material. 
The   focused   spot   diameter   is   estimated   to   be   ~10   μm   which   gives   an   average   power  
density of 1.3~2.5×109 W/m2. The piezoelectric material was mounted on a high-
resolution 3-axis air bearing stage (ABL1000, Aerotech) and the cutting speed was 0.2 
mm/s for machining and 0.5 mm/s for electrical disconnects. The fabricated s-drive and 
its arrays are shown in Figure 5.5. 
 
Figure 5.5: Fabricated piezoelectric actuators. Laser-machined nested s-drives in an axial-
mode (top), nested s-drives in a shear-mode (center) and s-drive (bottom) with electrode 











5.5 Experimental Setup 
The fabricated s-drive and its nested arrays were actuated at various voltages in 
the range of 0-50 V, with experimental measurements of displacements. These 
experimental measurements validated the FEA simulations methodology for both the s-
drive and its nested arrays. A DC power supply 2410C by Keithley (Cleveland, OH, 
USA) was used for application of voltage and the setup was built under an Olympus 
microscope connected to a PC, for measurement of displacements, as shown in Figure 
5.6.  
 
Figure 5.6: Experimental set up. The setup with two probes, voltage source for actuation 









The lateral displacement of the actuator was measured by measuring the 
displacement of the actuator’s tip with respect to the reference point as shown in Figure 
5.7. In order to avoid charge accumulation, after every measurement the voltage was set 
back to 0 V and after the actuator returned to the original reference point, waited for 
about 15 minutes, the voltage was increased to the next value. Using this procedure, four 
repeats of measurements were completed. The average value, along with standard 





Figure 5.7: S-drive tip upon actuation. The position of the tip of s-drive before and after 
actuation. Upon application of 50 V, the s-drive deflects by 17.01 µm. 
 
5.6 Experimental Results 
The displacements at five different voltages were measured by following the 
procedure described in the previous section. As shown in Figure 5.8 the simulated 
displacement of s-drive and 1D nested arrays of s-drive agree well with the experimental 
measurements and analytical model with an average relative error of 6.3% in the 0-50 V 









used in these two methods. The analytical model divides the structure into six elements of 
rectangular cross section and the FEA model discretized the structure into thirty thousand 
elements.  
 
Figure 5.8: Lateral displacement versus applied voltage. The simulated results of s-drive 
and 1D arrays of s-drive compare well with the experimental measurements and 
analytical results with an average relative error of 6.3% in the range of 0-50 V. 
 
The experimental results depend on the electrical connections, electrical disconnects, and 
dimensions of the structure. The dimensions of the fabricated structures will not be the 
same as the one used for FEA model and analytical model. There might be an uncertainty 
in these dimensions. Figure 5.4 shows the effect of various dimensions on the 




dielectric loss and hence the displacements predicted by them are slightly higher than 
those measured experimentally. Overall, these experimental results of s-drive and its 
nested arrays validate both the FEA model and the developed analytical model. 
 
Table 5.2: Experimental displacements along with displacements calculated using 
















0 0 0 0 0 
10 3.72 3.49 3.29 0 
20 7.44 6.98 6.21 0.6 
30 11.2 10.5 9.87 0.4 
40 14.9 14 13.35 0.2 
50 18.6 17.5 16.83 0.1 















0 0 0 0 0 
10 3.72 3.49 3.29 0 
20 7.44 6.98 6.21 4 
30 11.2 10.5 10.05 2.5 
40 14.9 14 13.89 2 
50 18.6 17.5 17.19 1.5 















0 0 0 0 0 
10 11.16 10.47 9.77 4.8 
20 22.32 20.94 18.61 3.6 
30 33.6 31.5 29.98 3.2 
40 44.7 42 40.62 2 





5.7 Time for Charging and Discharging 
The time for charging and discharging the s-drive can be calculated from the time 
constant   τ.   The   time   constant   is   calculated   by   taking   the   product   of   resistance   R and 
capacitance C. A multimeter was used for measuring the resistance and capacitance of the 
s-drive. For these measurements one probe was attached to the ground terminal and the 
other probe was attached to the terminal where voltage is applied. For the laser machined 
s-drive that is shown in Figure 5.5 the multimeter measured C = 8nF and R =  124Ω and 
the results were repeatable. The analytical expressions for calculating these are given 
below. The metal electrodes and piezoelectric material are in series and net resistance of 
s-drive is given by (5.12). 
( )3120 33 1ε ε +=










cu m PZTh hR
Lw L w gap
. (5.12) 
The dimensions are given in Figure 5.3 and the piezoelectric material properties 
are given in Table 5.1. The other parameters are permittivity of free space ε0 = 8.854×10-
12 F/m, resistivity of copper ρcu = 1.72×10-8 Ωm [54]. Substituting these values give R = 
118.7  Ω   and  C = 8.402 nF. The values have a relative error of 4% with respect to the 
experimental results. 
From the measured values of R and C the time constant is 1 µsec. Hence, the s-
drive comes back to its original state almost instantaneously and the fifteen minutes 





5.8 Measured Displacements while Switching from +V0 to –V0 
The s-drives tip displacement was measured by switching the voltage between 
positive and negative voltages. Two sets of measurements were taken and the average 
value of displacement is ±3.39 µm depending on the voltage polarity. Figure 5.9 shows 
tip deflection upon application of voltage. 
 
Figure 5.9: S-drive tip upon actuation. The position of the tip of s-drive before and after 
actuation between +10 V and -10 V. The s-drive deflects by ±3.29 µm. 
 












0 0 0 0 
10 3.72 3.49 3.39 
-10 -3.72 3.49 -3.39 
 
5.9 Microfabrication 
The piezoelectric material used for fabrication of the actuator is a poled PVDF 
(1003702-7) from Measurement Specialties [56].The material has a 9 µm thick PVDF, 
with 60 nm copper electrodes. Table 5.4 provides the piezoelectric and material 
properties.  The s-drive was fabricated from PVDF using focused ion beam (FIB) etching. 







and atoms. The steps followed for the fabrication of a 100 µm s-drive are shown in 
Figure 5.10. But the actuator’s tip broke before actuation while transferring the sample 
from the stub (used for mounting sample for FIB) to a glass slide for actuation. In order 
to avoid this, in the future the sample should be mounted on the glass slide or silicon 
wafer even before etching. 
Table 5.4: Material properties of PVDF [56]. 
Piezoelectric 
33 Piezoelectric strain coefficient ( 33d ) 26×10-12m/V 
31 Piezoelectric strain coefficient ( 31d ) -21×10-12m/V 
Piezoelectric thickness (h) 9 µm 
Dielectric breakdown  80 V/µm 
Thermal 
Curie temperature  103 °C 
Mechanical 
Density 1780 kg/m3 
Elastic modulus ( 1 pY ) 87.7 10×  N/m2 
 
 
Figure 5.10: Fabrication steps: (a) shows the cutting of central holes, (b) shows the 








CHAPTER 6. POSSIBLE APPLICATIONS OF NESTED S-DRIVES  
This chapter explores the possible applications of nested s-drives to function as an s-drive 
[18] probe or channel flow piezo pen. In the proposed design, two sets of nested s-drives 
in shear-mode are placed orthogonal to each other to achieve two degrees of freedom. An 
addition of out-of-plane piezo stack to the proposed design could provide the third degree 
of freedom. This chapter also reviews the existing dip pen nanolithography (DPN) 
technology with some of its advantages and applications. The proposed design could 
work as a new type of DPN. The channel flow piezo pen is able to produce large 
deflections, with multiple degrees of freedom, and might handle multiple inks with the 
capability of writing on many surfaces in either wet or dry, clean or dirty environments.  
 
6.1 Dip Pen Nanolithography 
Dip pen nanolithography (DPN) is a scanning probe based tool that plays an 
important role in patterning various types of materials on a substrate. This tool is easily 
accessible for researchers with access to an atomic force microscope. For 
microfabrication, nanotechnology, and molecular electronics, lithographic method plays 




 old. Where, ink is transported to via a sharp object to a surface due to capillary forces 
[73]. Mirkin’s group in 1999 reported a new type of dip pen nanolithography (DPN) [74] 
where the molecules with chemical affinity (ink) to a solid-state substrate (paper) were 
deposited from an atomic force microscope (AFM) tip (nib). In short DPN can be defined 
as a direct-write scanning probe-based lithography [75]. 
 
6.1.1 Advantages of DPN 
Some advantages of DPN are [74-76]: 
¾ This is a direct-write constructive lithographic tool that allows deposition of both 
soft and hard materials [76].  
¾ Any premodification of the surface is not required and cross contamination can be 
prevented [76].  
¾ This technique can deposit multiple compounds in series or in parallel [74-76].  
 
6.1.2 Types of DPN 
DPN is the only lithography technique that offers the capability of direct printing 
with high resolution and registration [77]. This tool is specifically useful for patterning of 
biological structures onto the substrates. All the depositions are possible without 




¾ Electrochemical DPN (E-DPN) [78, 79] an AFM lithography technique which 
depends on spontaneous condensation that causes the transport of material from 
the AFM tip to the surface [76]. 
¾ Lee et al. in [80] screened human immunodeficiency HIV-1virus by using 
nanoarrays of anti-p24 antibody. 
¾ Coffey et al. in [81] used DPN as a rapid prototyping tool to generate and study 
nanoscale structures in thin composite polymer films [76]. 
¾ Thermal DPN: Sheehan and co-workers in [82] demonstrated the direct 
deposition of continuous indium lines onto glass or silicon surfaces, by thermally 
heating the tip. In this technique the change in tip temperature can control the rate 
of ink deposition.  
¾ Electropen nanolithography: Cai et al. in [83] presented the electropen 
nanolithography (EPN), in this technique the ink material from the tip was 
coupled to the substrate through electrochemical modification.  
¾ Modified AFM: Wang et al. [84], Zhang et al.[85], Zou et al.[86], have shown the 
fabrication of AFM tips from poly(dimethylsiloxane) (PDMS)for increasing the 
ink carrying capacity.  
¾ Nanofountain pen: Espinosa et al. [87] fabricated the ‘nanofountain pen’ (NFP) 
where microfluidic channels were included in the AFM cantilevers. These 
channels ensured a constant supply of ink. 
In the existing DPN technology, pens might handle only one type of ink, work in 
only clean and dry environment, and have a moving substrate. In the following section 




6.2 Nested S-Drive Design 
This section provides a detailed description of the basic design of the nested s-
drives that can function as a new type of DPN or probe. In order to function as a new type 
of DPN known as channel flow piezo pen, channels need to be incorporated into the s-
drives.  
6.2.1 Pen/Probe Design 
 
Figure 6.1: The basic design of nested s-drives to function as a new type of DPN or a 
probe. In this design, two pairs of arrays of s-drives in shear-mode are placed orthogonal 
to achieve the in-plane x, y movements and the piezostack achieves the out-of-plane 
movement in z direction.  
 
The basic design of the pen is shown in Figure 6.1. It consists of two nested s-
drives in shear-mode and a piezostack. The shear-mode arrays are orthogonal to each 
Piezostack 






other. These arrays provide the in-plane x, y movement and the piezostack provides the 
out-of-plane z movement. 
6.2.2 Electrode Connections 
The required electrode connections are shown in Figure 6.2. Using such 
connections it is possible to control the shear-mode arrays independently. For example 
consider a situation where the both the arrays have a voltage of 40 V being applied. Now 
if we want to apply 50 V to array providing x movement but have the array providing y 
movement at 40 V, all we need to do is increase the voltage of top and bottom electrodes 
of y movement array by 10 V. So, now because of the wiring shown in Figure 6.2, the 
voltage applied across y movement array is 40 V and that across x movement array is 50 
V.  
 





6.2.3 One Complete Cycle for In-Plane Movement 
This section presents the simulation results of one complete cycle of the Pen/Probe 
design. In COMSOL upon application of 40 V the pen displaces by 52 µm in x and y 
directions as shown in the following figures. 
 
Figure 6.3: In-plane movement of pen/probe. The figure shows the movement in the 
forward left direction, right direction, backward right direction, left direction 
 
Forward left Forward right 




6.2.4 Out-of-Plane Movement 
 
Figure 6.4: Out-of-plane movement of pen/probe. (a) shows the downward movement 
and (b) shows the upward movement. 
The piezoelectric stack provides the out-of-plane movement. Figure 6.4(a), (b) 
show the movement in z-direction. 
 
6.2.5 Possible Fabrication Steps 
The possible nine steps needed for fabricating the channel flow piezo pen are given in 
this section. Fabricating this device, in the future, will help in validating the multiple 
degrees of freedom concept of s-drive. 
 
Step 1: Start with the Si substrate. 
 
 






Step 3: The lower conductor is deposited through sputtering. 
 
Step 4: Spin photo resist for creating channels. 
 
Step 5: Piezoelectric gel is spun and hardened. 
 
Step 6: The upper conductor layer is deposited. 
 
Step 7: Deposition of LPCVD oxide and pattern with photo resist. 
 
Step 8: Removal of photoresist from the channels. 
 







6.3 Summary of S-drive Pen/Probe  
Table 6.1: Channel flow piezo pen versus conventional dip pen. 
Channel flow piezo pen Conventional dip pen 
Pen can move in x, y, z directions Moving substrate 
Write on many surface Piezo stage 
Could achieve continuous writing Cannot achieve continuous 
writing, as it does not have 
continuous ink supply 
Wet/dry, clean/dirty environment  Clean and dirty environment 
 
Table 6.2: S-drive probe versus conventional probe. 
Feature S-drive probe Conventional probe 
Increase scan rate Yes No 
Position feedback Yes No 
Calibrate due to feedback Yes No 






CHAPTER 7. SUMMARY AND FUTURE DIRECTION 
7.1 Summary  
Nestable actuators may find applications in robotics, scanning probe microscopy, 
lithography, micro-scale assembly and nano-scale assembly [18]. Due to the small strain 
limits of piezoelectric materials, most of the existing piezoelectric actuators have 
relatively small deflections. A novel nestable piezoelectric microactuator called the s-
drive that is geometrically configured to magnify the small piezoelectric strains into 
larger deflections has been presented. In the s-drive actuator, the piezoelectric material is 
sandwiched between two conductors, and the electrodes are configured such that an 
application of voltage causes an extension on two beams and compression on the other 
two beams to produce a large lateral deflection in the form of an ‘s’ shape [18]. The s-
drive gets its name from the characteristic ‘s’ shape that appears upon actuation. 
The four possible configurations of s-drive were shown and the possible 1D and 
2D arrays of s-drive in axial-mode and shear-mode for magnification of displacement and 
shear were presented. The effect of scaling the s-drive in three dimensions was analyzed. 
The ratio of lateral displacement to length of s-drive decreased as the scaling increased. 




An analytical model for calculating the lateral displacement and stiffness of the s-
drive was developed. The developed analytical model predicts displacement close to the 
displacement of finite element analysis model with average relative error of 6%. Since, 
the analytical model is valid only in the linear regime, it consistently predicts higher 
deflections than the FEA model. The developed analytical model was used to understand 
the variation of displacement of the s-drive with applied voltage, dimensions and 
nestability.  
The experimental results validated the FEA model and the developed analytical 
model for s-drive and its nested arrays. The s-drive, its shear-mode and axial-mode 
nested arrays were fabricated from PZT5A using the focused ultrafast pulse laser 
machining system. The FEA simulation agrees well with the experimental measurements 
and analytical model with an average relative error of 6.3% (0-50 V). Future work 
proposed includes microfabrication of s-drive and its nested arrays. 
Achieving multiple degrees of freedom with the s-drive was explored and the 
design for nested s-drives to function as microscale probe or function as a channel flow 
piezo pen was proposed. Compared to the conventional nanolithography the piezo pen 
has large deflection with multiple degrees of freedom, and can write on any surface, in 
any environment. 
Overall, in this dissertation, the concept of a novel, nestable, large displacement, 
piezoelectric microactuator was introduced and the experimental results validated the 
FEA model and the developed analytical model for s-drive and its nested arrays. We have 
also proposed a possible application of nested s-drives to function as microscale probe or 




7.2 Future Direction 
Some of the possible future directions of s-drive and its nested arrays could be in 
biological applications, energy harvesting applications, variable diffraction gratings, 
variable filtering, scanning probe microscopy, nanolithography and micro-assembly [18]. 
The fabrication of these actuators at the microscale will help in exploring more 
applications and modifications of the actuators. As mentioned in Chapter 5 an attempt for 
fabrication of s-drive in microscale from PVDF was made. This method was time 
consuming (>12 hrs) and the s-drives tip broke even before the actuation. Hence to avoid 
any damage to the actuator, it would be better to mount the sample on a silicon wafer or 
glass slide before the fabrication. This type of mounting would help in easier actuation. 
Also in order to reduce the fabrication time it will useful to explore other fabrication 
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